Introduction
Simple, rapid and ultrasensitive detection of specific DNA target sequences associated with either genetic or pathogenic diseases has become even more important in gene therapy, clinical diagnosis and other biomedical studies. Therefore, various signal transduction techniques, such as electrochemical, piezoelectric and optical, have been introduced in biosensor design. [1] [2] [3] Due to extraordinary sensitivity and high selectivity, fluorescence detection method still occupy a position as one of the most popular analyzing and detecting techniques in recent years.
Magnetic nanoparticles (MNPs), as a special biomolecule immobilizing carrier, are of great interest for researchers in biology and biomedicine, such as magnetic targeting, magnetic separating, magnetic resonance imaging, catalysis, and so on. [4] [5] [6] [7] Moreover, magnetic separation has obtained especial attention in that MNPs can be fast and easily attracted by a magnetic field. Ultrasensitive measurements of nucleic acids have been developed using the magnetic separation of MNPs. [8] [9] [10] Recently, gold nanoparticles (AuNPs) have been extensively employed as excellent biological tag nanomaterials in bioanalysis because of their many unique properties, such as colorimetric, electrical, and nonlinear optical properties and so on. Besides, a colloid gold label is of better stability than radioisotopic labels; also, the labeling procedure is very simple and does not affect the biochemical activity of the labeled compound. 11 Therefore, AuNPs are often used to detect specific DNA sequences or proteins. 12, 13 In this article, we developed a new approach for the ultrasensitive detection of DNA based on the bio-bar-code amplification (BCA) of fluorescent signal and magnetic separation ( Fig. 1) . At first, two oligonucleotide sequences A novel nanoparticles-based fluorescence detection method has been developed by taking advantage of magnetic separation and amplified fluorescence detection. This DNA sensor relies on a "sandwich" hybridization strategy, in which the DNA targets are first hybridized to captured oligonucleotide probes immobilized on magnetic nanoparticles, and then hybridized with thiol-modified oligonucleotide probes immobilized on gold nanoparticles. Subsequently, the amplified DNA signals are detected in the form of bio-bar-code DNA using a chip-based fluorescence detection method. The result showed that the detection limit of target DNA probes is 1 pM. Complementary and mismatched sequences were clearly distinguished, and the ratio of the background-subtracted fluorescence values for complementary and single-base mismatched oligonucleotide was 2.12:1. This new system can be applied to both DNA detection and immunoassay, and has broad potential applications in disease diagnosis and immunoassay. were immobilized on the surface of gold nanoparticles: one was complementary to one end of the target DNA, and the other was so-called bar-code DNA, which was totally mismatched to the target DNA. The quantity of bar-code DNAs was much more than that of the complementary DNAs. Meanwhile, magnetic nanoparticles were modified by a third sequence, which was complementary to another end of the target DNA. Then, the DNA-modified AuNPs and MNPs were hybridized with target DNA by sandwich hybridization. In the next step, fluorescent DNA probes were added to hybrid with the bar-code DNAs immobilized on AuNPs. After being washed and denaturalized under magnetic separation, the fluorescent probes were collected, and the fluorescence intensity was analyzed using a microarray fluorescence scanner.
Experimental

Reagents and chemicals
HAuCl4·4H2O was purchased from Tianjin Yinlida Chemicals Co., Ltd.
(3-Aminopropyl)triethoxysilane (APTES) was purchased from Sigma-Aldrich. MicroHyb hybridization buffer was purchased from Research Genetics. Ferric chloride (FeCl3·6H2O, 99.0%), ferrous chloride (FeCl2·4H2O, 99.0%), sodium hydroxide (NaOH), sodium borohydride (NaBH4) and glutaraldehyde were all of analytical grade and used directly. 
Apparatus
The morphology features of the particles were characterized by transmission electron microscopy (JEOL-1230) at 100 kV. Ultraviolet-visible absorption spectra were conducted using a Purkinje General T-1901 spectrophotometer. Fourier-transform infrared spectra were obtained via a Nicolet 380 Fourier transform infrared (FT-IR) spectrophotometer. A fluorescence analysis was performed with a 4100A microarray scanner.
Thiol-DNA modification of gold nanoparticles
Gold nanoparticles were synthesized by the reduction of chloroauric acid with sodium borohydride according to reported literature. 14 The obtained gold nanoparticles were functionalized with two types of thiol-oligonucleotides (P1 and P2). P1 is complementary to the target sequence of interest, and P2 is complementary to a bar-code sequence that is a unique identification tag for the target sequence. The DNA probes were conjugated with gold nanoparticles via well-known Au-S bonds. Briefly, DNA-AuNPs conjugations were prepared by incubating probes P1 and P2 (40 μM, respectively) with 200 μL of a gold nanoparticle suspension. After being incubated for 16 h, 300 μL of 0.1 M PBS (10 mM PB, 0.1 M NaCl, pH 7.0) was added. The suspension was aged for another 48 h at room temperature, followed by centrifugation for 15 min at 22000 rpm. After removing of the supernatant, the red precipitate was washed with 0.1 M PBS, re-centrifuged, and then dispersed in a fresh 0.3 M PBS (10 mM PB, 0.3 M NaCl, pH 7.0) solution.
Modification of Fe3O4 magnetic nanoparticles
Magnetic Fe3O4 nanoparticles were prepared via the chemical coprecipitation of ferric and ferrous ions, which was described by Wu and coworkers. 15 A suspension of the synthesized magnetic nanoparticles was diluted by a mixture of ethanol (160 mL) and water (40 mL). After an ultrasonic treatment for 20 min, 1.5 ml of APTES was added, while stirring at 40 C for 24 h. Then, a 5% glutaradehyde/10 mM PB solution was added and stirred for 2 h, rinsed with a 10 mM PB buffer and water. In order to connect with a DNA probe (P3), 200 μL of the surface-modified MNPs suspension (40 mg/mL) and 10 μL of P3 oligonucleotide (10 μM) were mixed with 300 μL of 0.01 M PB, and then incubating at 37 C overnight. The P3-modified MNPs were separated and washed.
Hybridization procedures
In a typical experiment, 25 μL of P3 modified magnetic nanoparticles were mixed with 4 μL of the target DNA. Then, a hybrid buffer was added and hybridization was taken for 2 h at 43 C. The products were collected and rinsed with 2 × SSC/0.1% SDS, 0.1 × SSC/0.1% SDS by magnetic separation to remove unspecific adsorbed oligonucleotides. Then, 10 μL of P1 and P2 functionalized gold nanoparticles was added. Sandwich hybridization was performed such that P1 was hybridized with the other end of the target DNA at 41 C for 2 h. The products were enriched and washed. Afterward, 2 μL of Cy3-labeled fluorescent probes (10 μM) were added, and hybridized with P2 at 39 C for 2 h. The particles were separated and washed with PBS-0.05% Tween 20 buffer, 2 × SSC/0.1% SDS, 0.1 × SSC/ 0.1% SDS and deionized water again. Finally, 10 μL of a PB solution (0.1 M) was mixed with the particles and the mixture was heated to 95 C for 3 min. The denaturalized DNA solution, including Cy3-labeled fluorescent probes was apart from the magnetic particles. The samples were then detected using a microarray scanner.
Results and Discussion
Preparation of gold nanoparticles
Gold nanoparticles can be prepared by the reduction of gold salt with sodium citrate, ascorbate or phosphorus-ether and so on. In this paper, we adopted the sodium borohydride method because of its being simple and fast. The formation of gold nanoparticles from the reduction of HAuCl4 by NaBH4 can be verified by the UV-Vis absorption spectrum and TEM. Figure 2(b) showed the UV-Vis absorption spectrum of an as-formed wine-red colloid suspension. A well-defined surface plasmon resonance absorption band ranging from 300 to 800 nm with a maximum value at 523 nm was observed. According to the reported results, 16 this was undoubtedly attributed to metallic gold nanoparticles. Then, further characterization was carried out by transmission electron microscopy. A TEM image of gold nanoparticles is shown in Fig. 2(a) . Many spherical * The mismatched bases in DNA sequences were underlined.
particles with an average diameter about 7 nm can be clearly seen from this micrograph.
Characterization of Fe3O4 magnetic nanoparticles
To characterize the size and shape of the presented Fe3O4, we conducted TEM observations. A representative TEM micrograph is shown in Fig. 3(a) . The TEM image clearly revealed that the obtained spherical Fe3O4 nanoparticles possessed uniform size and shape, and the average size was about 10 nm. Furthermore, the pure Fe3O4 nanoparticles and APTES-modified Fe3O4 nanoparticles were also qualitatively examined by FT-IR spectroscopy. FT-IR absorption spectra are shown in Fig. 3(b) . The FT-IR spectral analysis indicated the presence of characteristic bands of Fe3O4 nanoparticles in the vicinity of 591 cm -1 , corresponding to Fe-O-Fe vibration stretching. Also, an OH-stretching vibration peak at 3435 cm -1 was observed. For the infrared spectrum of APTES-modified Fe3O4 nanoparticles, a peak at 3405 cm -1 could be attributed to N-H and OH-stretching vibration. In addition, weak absorption at 930 cm -1 was assigned as Si-O stretching vibration, which demonstrated that APTES was successfully grafted.
Optimization of the mobilization ratio of thiol-DNAs on the surface of AuNPs
In principle, the immobilized ratio of P2:P1 is proportional to the amplifying multiple of fluorescence signals, because the quantity of P2 corresponds to the detected fluorescent signals, and the quantity of P1 corresponds to the target DNA in the hybridization system. To improve the amplifying multiple of fluorescent signals, we investigated the immobilized ratio of P2:P1. The AuNPs are loaded with P2 and P1 at ratios of 50:1, 100:1, 150:1 and 200:1, respectively. This ratio provides one route for target amplification, because P2 is much more than P1. To obtain the optimized immobilization ratio, we used complementary Cy3 and Cy5 labeled DNAs to hybridize with P2 and P1 probes immobilized on gold nanoparticles, respectively. In this situation, the ratio of Cy3/Cy5 corresponds to the ratio of P2/P1. The fluorescence detection strategy relies on the denaturalization of a pair of dual-color (Cy3 and Cy5) DNA probes. Figures 4(a) Figure 4 (d) reveals that the Cy3 fluorescent signals were very strong that the value reached 9000 to 14000. However, the Cy5 fluorescent signals were much weaker, which almost approached the background value. This result, due to the immobilized quantity of the P2 probes, is much more than that of the P1 probes. From Fig. 4(e) , it can be seen that the ratio of Cy3/Cy5 varied largely with different ratios of P2/P1. The biggest value of Cy3/Cy5 reached 100:1 when the ratio P2/P1 was 150:1, which was determined as being the optimal ratio in our experiment. 
Sensitivity of the hybridization system
To determine the sensitivity of the fluorescent signal amplified detection system, different concentrations of the target oligonucleotide, varying from 100 to 1 pM, were used. The hybridization results are shown in Fig. 5 . From top to bottom, Fig. 5(a) displays the results at 100, 10 and 1 pM target oligonucleotide concentrations, respectively. Also, each sample was studied at least three times. Figure 5(b) demonstrats that the target DNAs at concentrations as low as about 1 pM could be effectively distinguished. Compared with the sensitivity of the normal fluorescent DNA detection method, which is about 10 -8 -10 -11 mol/L, the sensitivity of our system was at least one order of magnitude higher, and this contributed to fluorescent signal amplification of the bar-code DNA system.
Specificity of the hybridization system
The fluorescent signals of different target DNA sequences with the same concentration of 1 pM are shown in Fig. 6 . From top to bottom of Fig. 6(a) , the hybridization results with complementary (T0), single-base mismatched (T1) and totally mismatched (T2) target oligonucleotide sequences are represented, respectively. It can be seen that the background signal is very low. The ratio of the background-subtracted fluorescence intensities for T0:T1 is 2.12:1. The results indicate that single-base mismatched DNA and complementary DNA could be clearly distinguished from the background baseline.
Conclusions
In summary, we demonstrated a novel amplified fluorescence detection method of DNA based on the bar-code DNA technique and magnetic separation. The immobilization ratio of two-type thio-oligonucleotides on gold nanoparticles reached 100:1. The detection limit of target DNA sequences was 1 pM, and the Fluorescence signals of hybridized Cy3 labeled probes (a), Cy5 labeled probes (b) and overlapped Cy3 and Cy5 (c) at different ratios of (P2/P1); histogram of fluorescence intensities of Cy3 and Cy5 at different ratios of (P2/P1) (d); histogram of fluorescence intensity ratios (Cy3/Cy5) at different ratios of (P2/P1) (e). The denaturated fluorescent probes were spotted directly onto a cleaned glass slide to fabricate a microarray after denaturation and magnetic separation, then snap-dried for 2 s on a hot plate, scanned with GenePix 4100A microarray scanner and analyzed with the software Genepix Pro 6.0.
complementary and mismatched sequences could be clearly distinguished. This system establishes a general detection methodology, which can be applied to both DNA detection and immunoassay systems.
